Abstract. Brain asymmetry has been a topic of interest for neuroscientists for many years. The advent of diffusion tensor imaging (DTI) allows researchers to extend the study of asymmetry to a microscopic scale by examining fiber integrity differences across hemispheres rather than the macroscopic differences in shape or structure volumes. Even so, the power to detect these microarchitectural differences depends on the sample size and how the brain images are registered and how many subjects are studied. We fluidly registered 4 Tesla DTI scans from 180 healthy adult twins (45 identical and fraternal pairs) to a geometrically-centered population mean template. We computed voxelwise maps of significant asymmetries (left/right hemisphere differences) for common fiber anisotropy indices (FA, GA). Quantitative genetic models revealed that 47-62% of the variance in asymmetry was due to genetic differences in the population. We studied how these heritability estimates varied with the type of registration target (T1-or T2-weighted) and with sample size. All methods consistently found that genetic factors strongly determined the lateralization of fiber anisotropy, facilitating the quest for specific genes that might influence brain asymmetry and fiber integrity.
Introduction
Asymmetries in brain structure and function have been the topic of neuroimaging studies for many years. Anatomical asymmetries may help to reveal the origins of lateralized cognitive functions or behavioral traits, such as language and handedness, that may arise from partially genetic hemispheric differences during development [1] . Studies of brain asymmetry can also inform clinical research, as aberrant asymmetries have been hypothesized or detected in disorders such as schizophrenia, dyslexia, or hemiparesis, which may arise from a derailment in processes that establish normal brain lateralization and hemispheric specialization. Deformation-based morphometry studies have used the theory of random Gaussian vector fields to detect statistical departures from the normal level of brain asymmetry [2] .
Many imaging studies have used MRI to study brain asymmetries, but very few have used DTI. In DTI, the MR signal attenuation due to water diffusion in direction k decreases according to the Stejskal-Tanner equation: S k (r) = S 0 (r)e −b k D k (r) where S 0 (r) is the non-diffusion weighted baseline intensity, D k (r) is the apparent diffusion coefficient (ADC), and b k is Le Bihan's factor; the fractional and geodesic anisotropy (FA and GA), calculated from a local tensor approximation for D k (r), are commonly used measures of fiber integrity; FA correlates highly with IQ (intelligence quotient) in normal subjects [3] .
Previous DTI asymmetry studies have focused on specific tracts (e.g., the corticospinal tract [4] , and the arcuate fasciculus involved in language processing [5, 6] ). Frontal and temporal white matter show left greater than right FA even in early infancy [7] , suggesting greater myelination in the left hemisphere [7] . Frontal FA differences between the two hemispheres diminish as the brain develops, but temporal lobe asymmetries persist [8] .
Studies of asymmetries in white matter characteristics may be confounded by the vast structural asymmetries present. In frontal and occipital regions, the natural petalia (torquing) of the brain shifts the right hemisphere structures anterior to their left hemisphere counterparts [1] . Men may have greater anatomical asymmetries than women [1] , making it advantageous to reduce these pronounced macrostructural differences when gauging the level of microstructural asymmetry in a mixed-sex population.
Twin studies have long been used to determine genetically and environmentally influenced human traits. Monozygotic twins share all their genes while dizygotic twins share, on average, half. Estimates of the proportion of variance attributable to genes versus environment can be inferred by fitting structural equation models to data from both types of twins. Twin neuroimaging studies reveal that genetic factors strongly influence several aspects of brain structure, e.g., cortical thickness, and gray and white matter volumes [9] , but twin studies using DTI are rare.
Here we created the first DTI-based maps of asymmetries (left/right hemisphere differences) in fiber characteristics (FA, GA) in a large twin population (N=180). We adjusted, as far as possible, for the known structural differences between hemispheres by aligning brains to a symmetrized minimal deformation target (MDT) created from all of the images.
The choice of registration target is known to affect the accuracy of region of interest (ROI) analyses [10] , so we evaluated the effects of using different registration targets based on the separate structural MRI images, including (1) an MDT created by geometrically adjusting an individual subject's image, (2) a population-averaged MDT, and (3) a population-averaged MDT based on the non-diffusion-sensitized T2-weighted images collected as part of the DTI protocol. We then determined whether genetic factors influenced the residual asymmetries, and examined the stability of the estimates with respect to sample size and the choice of registration target.
Methods

Image Acquisition and Subject Information
Structural and diffusion tensor (DT) MRI scans were acquired from 180 subjects using a high magnetic field (4T) Bruker Medspec MRI scanner. T1-weighted images were collected using an inversion recovery rapid gradient echo sequence, with parameters: TI/TR/TE= 1500/2500/3.83 msec; flip angle=15 degrees; slice thickness = 0.9 mm, and 256x256x256 acquisition matrix. Diffusion-weighted images were also acquired using 30 gradients (27 diffusion-weighted images and 3 with no diffusion sensitization; i.e., T2-weighted images) with gradient directions uniformly distributed on the hemisphere. Parameters were: 23 cm FOV, TR/TE 6090/91.7ms, b-value =1132 s/mm 2 , scan time: 3.05 minutes. Each 3D volume consisted of 21 5-mm thick axial slices with a 0.5mm gap and 1.8x1.8 mm 2 in-plane resolution. The subjects included 90 young adult monozygotic (MZ) twins and 90 dizygotic (DZ) same sex twins (45 pairs of each). All subjects were right-handed young adults (average age 24.37, stdev 1.936).
Creating Templates
To determine whether asymmetric differences are influenced by the template used for registration, several templates were created and compared. Three templates were created using the T1-weighted images to help adjust for the structural differences across subjects and hemispheres, and another template was created from the T2-weighted images acquired along with the diffusion weighted scans, which are in perfect register with the diffusion tensor data. T1-weighted structural MR images were edited to remove extracerebral tissues and were linearly registered to a symmetrical template. This symmetrical template was created by averaging a high-resolution single subject average scan, the Colin27 [11] , with the same image reflected in the midsagittal plane. This centered each subjects midline within the image volume. All subjects images were linearly registered to the symmetrical template using FLIRT software http://fsl.fmrib.ox.ac.uk/ fsl/flirt with 9-parameter registration and a correlation ratio cost function.
T1 Template 1(non-symmetric): One minimal deformation target (MDT) was created using only the original scan orientations, using non-linear fluid registration as described in [12, 13] . This template was not symmetrical as all the images used to create it were of the original orientation. MDTs were created using the method proposed by Kochunov [14] (although alternative methods are possible): the N 3D vector fields fluidly registering a specific individual to all other subjects were averaged and applied to that subject, geometrically adjusting their anatomy, but retaining the image intensities and anatomical features of that specific subject. T1 Template 2 (initial symmetrization): Linearly aligned subject images were reflected over the midline to produce a mirrored set. Another MDT was then created from four independent (one per pair) monozygotic (MZ) twins and four independent dizygotic (DZ) twin image volumes randomly selected with their corresponding reflected images. These 16 image sets were then used to generate an MDT using fluid registration as described in [12, 13] . The flipped images of the same brains were included during MDT construction to make it symmetric.
T1 Template 3 (symmetric population averaged MDT): A population-averaged MDT was created to further reduce the structural asymmetries. 8 separate MDTs were constructed as described above, each formed from 6 subjects and their corresponding images flipped over the midline. For 4 of these MDTs, the initial template image was in the original orientation while for the other 4, the template was in the flipped orientation. All 8 MDTs were then averaged together to produce the population averaged MDT, incorporating T1 information from 50 independent subjects. T2 Template (symmetric population averaged MDT): Another population averaged MDT was constructed from the T2-weighted images, in the same manner as for the T1-weighted population MDT, with the same set of subjects. All subjects' images were first linearly aligned to a single subject image. This image of the single subject was aligned such that the midsagittal plane of the brain was centered. Another image was created by mirroring the result in the midsagittal plane. This flipped image was averaged with its original to create a symmetric template to linearly align all the T2-weighted scans and their mirror images before creating the MDT.
Structural T1 images from 100 subjects (25 MZ, 25 DZ pairs) were then fluidly registered to each of the 3 T1-weighted MDTs using a 3D Navier-Stokesbased fluid warping technique enforcing diffeomorphic mappings, using least squares intensity differences as a cost function [12, 13] . T2-weighted images for each of the 180 subjects were registered to the T2-weighted MDT with the same technique. 3D deformation fields for all mappings were retained.
Anisotropy Asymmetry Maps
Diffusion tensors were computed from the diffusion-weighted images using Med-INRIA software http://www.sop.inria.fr/asclepios/software/MedINRIA. Scalar images of anisotropy measures were created for each of the 180 subjects from the eigenvalues (λ 1 , λ 2 , λ 3 ) of the symmetric 3x3 diffusion tensor. These included the fractional anisotropy (FA), geodesic anisotropy (GA) computed in the Log-Euclidean framework [15] , hyperbolic tangent of the GA (tGA), to take values in the same range as FA, i.e., [0,1], and mean diffusivity (MD):
GA(S) = q T race(log S− < log S > I) 2 , < log S >= T race(log S) 3 (2)
Extra-cerebral tissue was manually deleted from one directional component of the diffusion tensors (D xx ) creating a mask that was then applied to the scalar anisotropy maps created for each subject. Once masked, these anisotropy images were then linearly aligned to the symmeterized templates and fluidly registered to each of the MDTs by applying the deformation fields described in Section 2.2. Each aligned anisotropy map was then mirrored across midline, and the voxelwise difference map between the original and flipped images was created. In this new map, the left side of the image represents the difference between the subjects right and left hemispheres; voxels on the other side of the image have the opposite sign. Maps were obtained of the percent difference between the resulting difference image and the average of the two mirror image orientations.
Calculating Genetic Contributions
Voxel-wise maps of the intra-class correlations (ICC) within MZ and DZ twins, r M Z and r DZ respectively, were derived as well as Falconer s heritability estimate, h 2 = 2(r M Z − r DZ ) [16] for the asymmetry in FA, GA, tGA and MD. Average measures of the anisotropy difference were examined in certain regions of interest (ROIs). We determined the genetic contribution to the asymmetries in each lobe of the brain. ROIs were traced for the four lobes (frontal, parietal, temporal, and occipital) in one hemisphere of each MDT and were flipped to define the same ROI in the opposite hemisphere. This ensured consistency between hemispheres and reduced errors due to manual labeling. For each anisotropy measure, covariances for the average ROI values in pairs of MZ and DZ twins were entered into a univariate structural equation model to estimate additive genetic (A), shared environmental (C) and unique environmental (E) components of the variance in asymmetry [17] . Mx modeling software http://www.vcu.edu/mx/ was used.
This form of structural equation modeling finds the maximum likelihood estimate (eq. 3) for Σ (α = 1 for MZ and 0.5 for DZ) to estimate genetic versus environmental contributions to the variance, where S g is the observed covariance matrix for each twin group g:
3 Results Figure 1A shows the mean FA asymmetry as a percent difference between left and right hemispheres, relative to which genetic effects were determined. Frontal and temporal regions show high asymmetry (∼ 25%, p < 0.05). Frontal FA is higher in the right hemisphere, while temporal FA is higher on the left. The asymmetries found in the temporal lobe correspond to language centers [1] consistent with [7, 8] . The magnitude of the asymmetry difference is somewhat dependent on the number of subjects used in the study, but patterns are largely consistent. Figure  1B shows differences arising in ICC and Falconer's heritability estimates when using the T1-weighted population template for 100 subjects and the T2-weighted MDT for the different population sizes. Despite evidence for some subcortical effects, voxelwise maps are somewhat noisy even with N =180 subjects, partly because h 2 is a difference in correlations. We therefore summarize FA asymmetry in lobar ROIs, to increase power for genetic analyses. Figure 2 shows genetic (a 2 ) vs environmental (c 2 , e 2 ) effects on FA asymmetry. Intriguingly, the asymmetry in frontal lobe mean FA was ∼ 50% determined by genetic factors, with no evidence for a shared environmental effect (c 2 ∼ 0%). The e 2 -term contains registration errors as well as unique effects, so there is some evidence that using 180 (vs 100) subjects, and using a T2 vs T1 template, more accurately captures the true genetic contributions to these asymmetries, as the e 2 -term is slightly lower. In structural equation models, p > 0.05 denotes that the ACE model fits well. All models here yield a good fit. Figure 3 plots the cumulative distribution function (cdf) of the p-values associated with the ICC against those that would be expected from a null distribution. As the cdf initially rises faster than 20 times the null, we are able to reasonably claim significance at the 5% level. For null distributions (i.e. no group difference detected), these are expected to fall along the x = y line, and larger deviations from that curve represent larger effect sizes. 
